Abstract. Cadmium exposure has been linked to human cancers, including stomach cancer. In this study, the effects of cadmium on urokinase-type plasminogen activator receptor (uPAR) expression in human gastric cancer cells and the underlying signal transduction pathways were investigated. Cadmium induced uPAR expression in a time-and concentration-dependent manner. Cadmium also induced uPAR promoter activity. Additionally, cadmium induced the activation of extracellular signal regulated kinase-1/2 (ERK-1/2), p38 mitogen-activated protein kinase (MAPK), and the activation of c-Jun amino terminal kinase (JNK). A specific inhibitor of MEK-1 (PD98059) inhibited cadmium-induced uPAR expression, while JNK and p38 MAPK inhibitors did not. Expression vectors encoding dominant-negative MEK-1 (pMCL-K97M) also prevented cadmium-induced uPAR promoter activity. Site-directed mutagenesis and electrophoretic mobility shift studies showed that sites for the transcription factors nuclear factor (NF)-κB and activator protein-1 (AP-1) were involved in cadmium-induced uPAR transcription. Suppression of the cadmium-induced uPAR promoter activity by a mutatedtype NF-κB-inducing kinase and I-κB and an AP-1 decoy oligonucleotide confirmed that the activation of NF-κB and AP-1 are essential for cadmium-induced uPAR upregulation. Cells pretreated with cadmium showed markedly enhanced invasiveness and this effect was partially abrogated by uPARneutralizing antibodies and by inhibitors of ERK-1/2, NF-κB, and AP-1. These results suggest that cadmium induces uPAR expression via ERK-1/2, NF-κB, and AP-1 signaling pathways and, in turn, stimulates cell invasiveness in human gastric cancer AGS cells.
Introduction
Cadmium is a toxic metal, classified as a human carcinogen by the International Agency for Research on Cancer (1) . There are probable associations between long-term environmental exposure to cadmium and an increased risk of mortality from stomach, esophageal and lung cancers (2) . However, the molecular and cellular mechanisms underlying cadmiummediated tumorigenic effects in tissue remain unclear. Studies using in vitro cell culture and in vivo animal models have revealed some of the mechanisms underlying cadmium carcinogenesis. Cadmium may induce genotoxic effects, such as 8-ox-7,8-dihydro-2'-deoxyguanosine adducts, DNA strand breaks, chromosomal aberration, and gene mutations, in a variety of in vitro cell culture and animal experimental systems (3) . Most of the genotoxic events induced by cadmium are mediated through the generation of reactive oxygen species (ROS) (4) . Cadmium also activates gene expression of c-myc and c-Jun, inhibits tumor suppressor genes, such as p53 and p27, and accelerates the proliferation of cells that are already stimulated with organic carcinogens (5, 6) .
Cadmium has been reported to activate mitogen-activated protein kinase (MAPKs) signaling. In mammals, MAPKs consist of extracellular signal-regulated kinases (ERK), c-Jun N-terminal kinases (JNK), and p38 MAPK. Cadmium activates ERK signaling and elevates the expression of a key downstream proangiogenic molecule, hypoxia-inducible factor-1 (HIF-1), in immortalized lung epithelial cells (7) . The JNK pathway has also been reported to be involved in the acquisition of apoptotic resistance in cadmium carcinogenesis, contributing to both tumor initiation and malignant progression (8) . Additionally, cadmium has been reported to induce diverse modulation of the transcription patterns of p38 MAPK isoform genes and the accumulation of related protein products in breast cancer cells. However, the roles of MAPK signals in cadmium-mediated cell invasion and migration have not yet been explored.
The process of cancer cell invasion and migration is multifactorial, requiring the coordinated action of cell-secreted proteolytic enzymes and their inhibitors (9) . A recent study has shown that cadmium treatment increased the potential of cells to invade and migrate (10) . Urokinase-type plasminogen activator (uPA), its inhibitors, and the uPA receptor (uPAR) form a complex proteolytic system that has been implicated in cancer invasion and metastasis. As a serine protease, uPA has the ability to convert inactive plasminogen to active plasmin by binding to its receptor, uPAR. The uPA-uPAR interaction can affect independently cell motility, integrin function, and gene expression (11) . uPAR expression has been shown to play important roles in the invasion and metastasis of a number of cancers, such as gastric (12) , prostate (13) and breast cancers (14) . In addition to mediating proteolysis, this receptor also appears to mediate cell signaling, proliferation, and survival, and these observations have suggested novel ways to target uPAR. To examine the role and mechanisms of cadmium in regulating invasion and migration, we investigated the effects of cadmium on mitogen-activated protein kinase signaling and the downstream transcription factors, NF-κB and AP-1, of uPAR in gastric cancer AGS cells.
Materials and methods
Cell culture and reagents. Human gastric cancer AGS cells were purchased from the American Type Culture Collection (Manassas, vA, USA), and MKN28 and SNU638 cells were obtained from the Korean Cell Line Bank (Seoul, Korea). The cells were incubated in RPMI-1640 supplemented with 10% fetal bovine serum (FBS), 100 IU/ml penicillin and 100 mg/ml streptomycin in a humidified atmosphere containing 5% CO 2 incubator at 37˚C. To determine the effects of cadmium (Sigma, St. Louis, MO, USA) on uPAR expression, cells were harvested at various intervals and the levels of uPAR mRNA were measured by RT-PCR analysis. To examine the effects of cadmium on ERK1/2, JNK, and p38 MAPK activation, cells were harvested at various intervals and phosphorylated and total protein levels were determined by western blot analysis. To examine the role of specific signaling pathways in uPAR induction by cadmium, cells were pretreated with 25 µM PD98059 (a MEK inhibitor, New England Biolabs Inc., Beverly, MA, USA), 10 µM SP600125 (a c-Jun-N-terminal kinase inhibitor, Calbiochem, San Diego, CA, USA), 5 µM SB203580 (a specific p38 MAPK inhibitor; Calbiochem), 20 µM Bay11-7082 (NF-κB inhibitor, Calbiochem), or curcumin (AP-1 inhibitor, Sigma) for 1 h prior to cadmium treatment. The levels of uPAR mRNA were then measured by northern blot and RT-PCR analysis.
RT-PCR. Cells were incubated overnight in medium containing 1% FBS and then treated with specific inhibitors for 1 h prior to cadmium treatment for 4 h. After the incubation, total cellular RNA was isolated from the cells using the TRIzol reagent (Invitrogen, Carlsbad, CA, USA). Total RNA (1 µg) was used for the first-strand cDNA synthesis using random primers and Superscript reverse transcriptase (Invitrogen). The cDNA was subjected to PCR amplification with the primer sets for glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and uPAR. The specific primers sequences were GAPDH sense, 5'-TTG TTG CCA TCA ATG ACC CC-3'; GAPDH antisense, 5'-TGA CAA AGT GGT CGT TGA GG-3' (836 bp) and uPAR sense, 5'-CAC GAT CGT GCG CTT GTG GG-3', and uPAR antisense, 5'-TGT TCT TCA GGG CTG CGG CA-3' (285 bp). The PCR conditions were 30 cycles of denaturation at 95˚C for 20 sec, annealing at 53˚C for 30 sec, and extension at 72˚C for 40 sec. The products were electrophoresed in 1.5% agarose gel containing ethidium bromide.
Measurement of uPAR promoter activity. The transcriptional regulation of uPAR was examined by the transient transfection of a uPAR promoter luciferase reporter construct (pGL3-uPAR). The plasmid pGL3-uPAR promoter (15) was provided by Dr Y. Wang (Australian National University). AGS cells (5x10 5 ) were seeded and grown until they reached 60-70% confluence, then pRL-TK (an internal control plasmid containing the herpes simplex thymidine kinase promoter linked to the constitutively active Renilla luciferase reporter gene) and pGL3-uPAR were cotransfected into the cells using FuGENE (Boehringer-Mannheim, Mannheim, Germany) according to the manufacturer's protocol. pRL-TK was transfected as an internal control. Cells were incubated in the transfection medium for 20 h and treated with 0-20 µM cadmium for 4 h. The effects of signaling inhibitors on uPAR promoter activity were determined by pretreating cells with the inhibitors for 1 h prior to the addition of cadmium. The cotransfection studies were performed in the presence or absence of the AP-1 decoy oligodeoxynucleotides (ODNs) or MEK-1 (pMCL-K97M), I-κBα, I-κBβ, or NF-κB-inducing kinase (NIK). The phosphorothioate double-stranded ODNs with sequences against the AP-1 binding site (5'-CAC TCA GAA GTC ACT TC-3' and 3'-GAA GTG ACT TCT GAG CTG-5') were prepared (Genotech, St. Louis, MO, USA) and annealed (AP-1 decoy ODNs). The expression vector encoding the inactive MEK-1 (pMCL-K97M) was a gift from Dr N.G. Ahn (University of Colorado). The dominant negative mutants of I-κBα and I-κBβ and NIK were provided by Dr D.W. Ballard (vanderbilt University, Nashville) and Dr W.C. Greene (University of California), respectively. The importance of NF-κB and AP-1 during the induction of uPAR by cadmium was examined by transfecting AGS cells with pGL3-uPAR, in which the NF-κB and AP-1 sites had been mutated. After incubation, the cells were harvested and lysed with passive lysis buffer (Dual-Luciferase Reporter Assay system; Promega, Madison, WI, USA), and luciferase activity was measured using a luminometer according to the manufacturer's protocol.
Western blot analysis. Cells pretreated with 0-20 µM cadmium for various periods were washed in phosphate-buffered saline (PBS), detached using trypsin-EDTA buffer, and stored at -70˚C until needed. The protein was extracted with RIPA buffer (1% NP-40, 0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate) and protease inhibitors (aprotinin, leupeptin, phenylmethanesulfonyl fluoride, benzamidine, trypsin inhibitor, sodium orthovanadate). Then, 50 µg of the protein was separated by 10% SDS-PAGE and transferred to PvDF membranes. The membranes were blocked in a PBS solution containing 5% non-fat dry milk, incubated with primary antibody in blocking solution overnight at 4˚C, and washed three times with 0.1% Tween-20 in Tris-buffered saline (TBST) at 10-min intervals. Horseradish peroxidase-conjugated secondary antibody (Amersham, Arlington Heights, IL, USA) was used to detect the immunoreactive proteins by chemiluminescence. The following antibodies were used: anti-uPAR (American Diagnostica, Greenwich, CT, USA), anti-phospho-p44/42 MAPK (ERK-1/2) (Cell Signaling Technology, Danvers, MA, USA), anti-phospho-JNK (Cell Signaling Technology), and anti-phospho-p38 MAPK (Cell Signaling Technology). Total protein levels were assayed by washing the blotted membrane with a stripping solution consisting of 100 mM 2-mercaptoethanol, 2% SDS, and 62.5 mM Tris-HCl, pH 6.7, for 30 min at 50˚C, and the membrane was then reprobed with the anti-β-actin (Sigma-Aldrich), anti-ERK-1/2 (Cell Signaling Technology), anti-JNK-2 (Cell Signaling Technology), or antip38 MAPK (Cell Signaling Technology) monoclonal antibody.
Extraction of nuclear proteins. AGS cells at 80-90% confluence were incubated overnight in medium containing 5% FBS and then treated with 0-30 µM cadmium. The cells were then resuspended in 500 µl cold buffer A [50 mM Tris, pH 7.4, 150 mM NaCl, 0.2 mM EDTA, 3% (v/v) glycerol, and 1.5 mM MgCl 2 ]. After the cells had been allowed to swell for 5 min on ice, they were lysed with 500 µl of buffer B (identical to buffer A except containing 0.05% Nonidet P-40). The homogenate was gently layered onto an equal volume cushion of buffer C [10 mM Tris, pH 7.4, 25% (v/v) glycerol, and 1.5 mM MgCl 2 ] and centrifuged (12,000 x g, 5 min). The white nuclear pellet was resuspended in 75 µl of a cold high-salt lysis buffer (20 mM HEPES, pH 7.9, 400 mM NaCl, 1 mM EDTA, 1 mM DTT, and 1 mM PMSF). This suspension was agitated for 30 min at 40˚C and then microcentrifuged (15 min, 4˚C). The resulting supernatant was stored in aliquots at -80˚C.
Electrophoretic mobility shift assay (EMSA)
. EMSA was carried out using a Gel Shift assay system (Promega). Briefly, oligonucleotides containing the consensus sequences of AP-1 (5'-CGC TTG ATG AGT CAG CCG GAA-3') and NF-κB (5'-AGT TGA GGG GAC TTT CCC AGG-3') were endlabeled with [γ-32 P] adenosine triphosphate (3000 µCi/mmol; Amersham Pharmacia Biotech., Buckinghamshire, UK) using T4 polynucleotide kinase, purified with Microspin G-25 columns (Sigma-Aldrich) and used as the probe for EMSA. The nuclear extract proteins (6 µg) were pre-incubated with the binding buffer [10 mM Tris-HCl, pH 7.5, 50 mM NaCl, 0.5 mM EDTA, 1 mM MgCl 2 , 0.5 mM DTT, 4% (v/v) glycerol, and 0.05 mg/ml poly(dI-dC)] for 5 min and then incubated with the radiolabeled probe for 15 min at 37˚C. Each sample was electrophoresed in a 5% non-denaturing polyacrylamide gel in 0.5X TBE buffer. The gel was then dried and subjected to autoradiography.
Transient transfection of AP-1 and NF-κB reporters.
The AP-1 and NF-κB reporter constructs were purchased from Clontech (Palo Alto, CA, USA). Once the cells had reached 60-70% confluence, they were washed with RPMI-1640 and incubated in medium without serum or antibiotics for 18 h. The cells were then transfected with AP-1 and NF-κB reporters in the pGL3 vector using Lipofectamine 2000 (Invitrogen). Reportertransfected cells were treated with 0-30 µM cadmium for 4 h. After incubation, the luciferase activity was measured using a luminometer.
Matrigel invasion assay.
A cell invasion assay was performed using BioCoat Matrigel invasion chambers (Becton-Dickinson, Bedford, MA, USA) with 10% FBS as the chemoattractant in the lower chamber. AGS cells (10 5 ) in 300 µl were added to each chamber with cadmium and allowed to invade the Matrigel for 24 h. The non-invading cells on the upper surface of each membrane were removed from the chamber, and the invading cells on the lower surface of each membrane were stained with the Quick-Diff stain kit (Becton-Dickinson, Franklin Lakes, NJ, USA). After two washes with water, the chambers were allowed to air-dry. The number of invading cells was counted using a phase-contrast microscope. To determine the effects of anti-uPAR antibody and inhibitors of ERK-1/2, NF-κB and AP-1 on cadmium-induced cell invasion, AGS cells were preincubated with a neutralizing antibody to uPAR or nonspecific IgG, inhibitors of ERK-1/2, NF-κB and AP-1 for 1 h, and added to 20 µM cadmium for 4 h. were determined using Student's t-test. Differences described as significant in the text correspond to P<0.05.
Results

Effects of cadmium on uPAR expression in gastric cancer cells.
To determine the effects of cadmium on uPAR expression in gastric cancer AGS cells, cells were treated with cadmium and the expression of uPAR were measured by RT-PCR and western blot analyses. As shown in Fig. 1A , cadmium induced uPAR mRNA expression in a time-dependent manner in AGS cells. The uPAR mRNA expression increased appreciably 4 h after addition of cadmium to the cells. We also found that cadmium induced the uPAR protein in a dose-dependent manner at 0-20 µM (Fig. 1B) . Next, we sought to examine the effect of cadmium on transcriptional regulation of the uPAR gene. AGS cells were transiently transfected with the promoter-reporter construct (pGL3-uPAR) containing the human uPAR promoter and the luciferase gene. The AGS cells transfected with pGL3-uPAR showed an increase in promoter activity with cadmium exposure in a dose-dependent manner (Fig. 1C) . Cadmium at the concentrations used in this experiment did not affect cell viability (data not shown). Gastric cancer AGS, MKN28 and SNU638 cells were used to explore whether cadmium was able to induce uPAR expression in various gastric cancer cells. As shown in Fig. 1D , cadmium induced uPAR expression in AGS, MKN28, and SNU638.
Collectively, these results demonstrate that cadmium upregulated the expression of the uPAR gene in human gastric cancer cells.
Involvement of MAPK in cadmium-induced uPAR mRNA expression.
To determine the signaling pathways involved in uPAR induction by cadmium, AGS cells exposed to cadmium for various periods were examined for levels of phospho-and total ERK-1/2, JNK, and p38 MAPK. Cadmium treatment resulted in marked increases in ERK-1/2, JNK, and p38 MAPK phosphorylation within 30 min and the increased levels were maintained for 60-90 min. The levels of total ERK-1/2, JNK2, and p38 MAPK were not significantly altered after cadmium treatment ( Fig. 2A) .
To further examine the specific roles of ERK-1/2, JNK, and p38 MAPK in cadmium-induced uPAR expression, AGS cells were pretreated with 25 µM PD98059 (MEK inhibitor), 10 µM SP600125 (JNK inhibitor), or 5 µM SB203580 (p38 MAPK inhibitor) before cadmium treatment. As shown in Fig. 2B , the . Cells transiently transfected with pGL3-uPAR after being pretreated with PD98059 (PD), SP600125 (SP), or SB203580 (SB) were incubated with 20 µM cadmium for 4 h. After incubation, the cells were lysed, and luciferase activity was measured using a luminometer (C). An expression vector encoding a mutated MEK-1 (K97M) was cotransfected with pGL3-uPAR into AGS cells. After incubation with 20 µM cadmium for 4 h, luciferase activities were determined using a luminometer (D). The data represent means ± standard deviations from triplicate measurements. levels of uPAR in AGS cells pretreated with MAPK inhibitors decreased. In particular, the MEK inhibitor PD98059 almost completely blocked cadmium-induced uPAR mRNA expression, by RT-PCR analysis. When the transfected cells were pretreated with 25 µM PD98059 (MEK inhibitor) for 1 h before cadmium treatment, the induction of uPAR promoter activity was inhibited markedly (Fig. 2C) . Consistent with the results of Fig. 2B and C, when the dominant-negative mutant of MEK-1 (K97M) was cotransfected with pGL-uPAR in AGS cells, induction of the uPAR promoter activity by cadmium was inhibited dose-dependently (Fig. 2D) . These results suggest that ERK-1/2 signaling pathways are involved in the cadmium-induced activation of uPAR transcription. Figs. 1 and 2 , cadmium treatment increased the activity of the uPAR promoter in AGS cells. A deletion study was performed to explore the uPAR promoter and its specific sequence-activity characteristics. Deletion of the upstream (5') region of position -346 bp had little effect on cadmium-induced uPAR promoter activation. In contrast, elimination of the region between positions -346 and -270 bp resulted in a substantial decrease in promoter activity, and another cadmium-inducible element was identified between nucleotides -270 and -221 (Fig. 3A) . The uPAR gene fragments spanning positions -346 to -270 bp and -270 to -221 bp contain DNA-protein interaction sites for the transcription factors NF-κB (-278) and AP-1 (-235), respectively. To study the importance of the NF-κB and AP-1 sites in uPAR induction by cadmium, AGS cells were transfected with sitespecific mutant forms of the uPAR promoter linked to the luciferase gene. As shown in Fig. 3B , mutation of either the NF-κB or AP-1 binding site significantly decreased uPAR promoter activity, suggesting that both NF-κB and AP-1 are important in uPAR upregulation by cadmium. This was further supported by EMSA and inhibitor studies. In EMSA, cadmium treatment caused a marked increase in the amount of NF-κB that could form a complex with the radiolabeled oligonucleotide probe (Fig. 4A) . Consistent with the EMSA result, cadmium treatment caused an increase in NF-κB-dependent transcriptional activity (Fig. 4B) , and Bay11-7082 (NF-κB inhibitor) partially blocked the cadmium-induced uPAR expression, by RT-PCR (Fig. 4C) . The involvement of NF-κB in the induction of uPAR by cadmium was confirmed by cotrans fecting AGS cells with a uPAR promoter reporter and dominant-negative mutant forms of NF-κB-related molecules. As shown in Fig. 4D , the expression of dominant-negative mutant forms of NIK, I-κBα, or I-κBβ resulted in a decrease in the cadmium-induced uPAR promoter activity. Additionally, involvement of AP-1 in cadmium-induced uPAR expression was examined. As shown in Fig. 5A and B, cadmium treatment caused an increase in the amount of AP-1-DNA complex and AP-1-dependent transcriptional activity. AP-1 inhibitors (curcumin and the AP-1 decoy) blocked cadmium-induced uPAR expression and uPAR promoter activity, respectively ( Fig. 5C and D) . These results indicated that NF-κB and AP-1 may be key molecules in cadmium-induced uPAR expression.
Effect of cadmium on the activation of transcription factors during uPAR induction. As shown in
Effects of cadmium on the invasion of AGS cells. It has been
suggested that expression of uPAR is required for the invasive phenotype of cancer cells. To evaluate the role of cadmiuminduced uPAR during AGS cell invasion, cells were incubated with specific antibodies against uPAR in a modified Boyden invasion chamber. As shown in Fig. 6 , cell invasiveness was increased markedly by incubation with cadmium. However, the cadmium-treated cells partially lost the increased Matrigel Figure 3 . Effects of sequential deletion and site-specific mutations in the uPAR promoter region on cadmium-induced uPAR promoter activity. The uPAR promoter was sequentially deleted in the 5'-flanking region and the promoter luciferase construct was transiently transfected into AGS cells (A). The uPAR promoter was mutated in the NF-κB and AP-1 sites (mtNF-κB and mtAP-1) (converted NF-κB site GGGAGGAGT to GGATCCAGT and converted AP-1 site TCCATGAGTCA to TCGGAATTCCA) and the promoter luciferase construct was transiently transfected into AGS cells. The transfected cells were incubated with 20 µM cadmium for 4 h. After incubation, the cells were lysed and the luciferase activity was measured using a luminometer. Data represent the mean ± SD from triplicate measurements. . Involvement of transcription factor NF-κB in cadmium-induced uPAR in gastric AGS cells. The nuclear extracts from AGS cells treated with 0-30 µM cadmium for 4 h were analyzed EMSA for activated NF-κB using radiolabeled oligonucleotide probes (A). AGS cells transiently transfected with pNF-κB-Luc-reporter construct were incubated with 0-30 µM cadmium for 4 h. After incubation, the cells were lysed and the luciferase activity was measured using a luminometer (B). AGS cells pretreated with 0-20 µM Bay11-7082 (BAY, NF-κB inhibitor) for 1 h were incubated with 20 µM cadmium for 4 h. After incubation, uPAR mRNA in the cell lysates were determined by RT-PCR (C). Expression after dominant-negative mutant forms of NIK, I-κBα, or I-κBβ were cotransfected with pGL3-uPAR into AGS cells. After incubation with 20 µM cadmium for 4 h, luciferase activities were determined using a luminometer (D). The data represent the means ± standard deviations from triplicate measurements. Figure 5 . Involvement of transcription factor AP-1 in cadmium-induced uPAR in gastric AGS cells. Nuclear extracts from the AGS cells treated with 0-30 µM cadmium for 4 h were analyzed using EMSA for activated AP-1 using radiolabeled oligonucleotide probes (A). AGS cells transiently transfected with the pAP-1-Luc-reporter construct were incubated with 0-30 µM cadmium for 4 h. After incubation, the cells were lysed and the luciferase activity was measured using a luminometer (B). AGS cells pretreated with 0-20 µM curcumin (Cur, AP-1 inhibitor) for 1 h were incubated with 20 µM cadmium for 4 h. After incubation, uPAR mRNA in the cell lysates were determined by RT-PCR (C). The AP-1 decoy was cotransfected with pGL3-uPAR into AGS cells. After incubation with 20 µM cadmium for 4 h, luciferase activities were determined using a luminometer (D). The data represent means ± standard deviations from triplicate measurements.
invasiveness after incubation with uPAR-neutralizing antibodies, whereas no such effect was seen after incubation with non-specific IgG. These results suggest that uPAR induced by cadmium has an import role in gastric cancer cell invasiveness. To confirm that ERK-1/2, NF-κB, and AP-1 are involved in the cadmium-induced invasiveness, the AGS cells were treated with PD98059 (MEK inhibitor), BAY11-7082 (NF-κB inhibitor) and curcumin (AP-1 inhibitor) before cadmium treatment. As shown in Fig. 6B , all of the inhibitors (PD98059, BAY11-7082, curcumin) blocked the Matrigel invasiveness induced by cadmium. However, the inhibitors alone did not significantly change the level of cell invasiveness (data not shown). This suggests that the ERK-1/2, NF-κB, and AP-1 signals activated by cadmium upregulate uPAR, leading to an increase in gastric cancer cell invasiveness.
Discussion
A recent study reported that long-term exposure to cadmium increased the risk of mortality from stomach cancer (2) . Because of the widespread use of cadmium, gastrointestinal absorption of cadmium without being aware is unavoidable. Several studies about carcinogenic effects of cadmium have been published and the cytotoxic action and carcinogenesis of cadmium in many organs, especially the lung, liver, breast, and kidney, are well known (16) (17) (18) . However, the mechanisms underlying cadmium-induced carcinogenesis have remained largely unknown. Much effort has been directed at defining the role of cadmium in cancer development and progression, stimulated by the following observations: i) cadmium emissions have increased dramatically during the 20th century, one reason being that cadmium-containing products are rarely recycled, but are often dumped together with household waste, ii) long-term studies suggest an association between cadmium and cancer development [the biological half-life of cadmium in the human body is ~25-30 years, so overexposure to cadmium can lead to its accumulation in the human body (19) ], iii) the adverse health effects of cadmium exposure may occur at lower exposure levels than previously anticipated, primarily in the form of kidney damage and bone fracture (20) , and iv) cadmium induces various genes related to carcinogenesis, including IL-8 and COX-2, which are important for cancer development and angiogenesis (21, 22) .
In this study, we found that cadmium could induce uPAR expression and stimulate cell invasiveness in human gastric cancer AGS cells, suggesting that the overexpression of uPAR by cadmium may be involved in the increased cell invasiveness. Choi et al (23) demonstrated that overexpression of uPAR in human gastric carcinomas correlated with their invasiveness and tumorigenicity. Previously, we reported that uPAR is upregulated by various stimuli such as H. pylori, ROS, and EGF (12) in gastric cancer cells. The serine protease uPA and its receptor uPAR system have the ability to convert inactive plasminogen to active plasmin, which, in turn, activate certain matrix metalloproteinases (MMPs), which break down the collagen components of the extracellular matrix and accelerate tumor invasion and metastasis (24) . Cellular responses to cadmium stimulation trigger a cascade of protein kinases that transmit signals from the cell surface to the nucleus and these signals ultimately regulate gene expression. These signaling molecules including epidermal growth factor receptor (EGFR), phosphatidyl inositol 3-kinase (PI3K), AKT, and mammalian target of rapamycin (mTOR) have been reported to be involved in carcinogenesis and cancer progression (25) .
Several studies have documented that the MAPKs have roles in cadmium-induced signal transduction, but the profiles of cadmium-induced kinase activation appear to vary in a cell type-dependent manner. Three major MAPKs have been identified in mammalian cells: ERK-1/2, JNK, and P38 MAPK. Our results show that cadmium promoted the activation of ERK-1/2 and induced uPAR expression in human gastric AGS cells. Activation of ERK-1/2, JNK, and p38 MAPK preceded the induction of uPAR mRNA expression, and this upregulation was attenuated by a selective inhibitor of ERK-1/2, suggesting that the ERK-1/2 signaling pathway is implicated in the activation of the uPAR gene by cadmium. This suggestion was further supported by observations that expression of a vector encoding a mutated-type MEK-1 (K97M) resulted in a marked reduction in uPAR promoter activity. It remains to be determined how cadmium mediates ERK-1/2 activation in human gastric AGS cells. Park et al (22) reported that crosstalk between oxidative stress and activation of the family of MAPK in cadmium-treated C6 cells, in which cadmium treatment primarily lowered cellular GSH, subsequently leading to activation of ERK-1/2. Multiple pathways have been proposed in different cell types leading to ERK-1/2 activation by ROS. Mukhin et al (26) suggested a simple model for ERK-1/2 activation by ROS (NAD(P)H oxidase → Giβγ → Src → ERK-1/2 pathway) using CHO cells. Concurrent inhibition of tyrosine phosphatase (PTPase) by ROS has been suggested to be another mechanism of ERK-1/2 activation (18) . Because all PTPases have a conserved cysteine residue in their catalytic domain, the inhibition of PTPase activity by ROS may account for activation of ERK-1/2 by ROS.
Our results are consistent with those of earlier studies implicating the involvement of transcription factors such as NF-κB and AP-1 in uPAR expression in gastric cancer cells (27) . Related to this, valko et al (28) confirmed that metals activate signaling pathways and the carcinogenic effect of metals has been related to activation of mainly redox-sensitive transcription factors, including NF-κB, AP-1, and p53. The roles of NF-κB with cadmium in cells vary depending on the cell type. NF-κB is important in cadmium-induced TNF-α, IL-1β, IL-6, and IL-8 in THP-1 monocytic cells. (29) . Furthermore, NF-κB activation is apparently involved in cadmium-induced apoptosis in lung epithelia and kidney proximal tubule cells (30, 31) . However, cadmium induced the proinflammatory cytokine IL-8 in lung epithelial cells in a NF-κB-independent manner. ROS production by cadmium has been suggested to activate NF-κB in cells. Li and Engelhardt (32) reported that the recruitment of NIK to TRAF6 is mechanistically important for the ROS induction of NF-κB activation. Storz and Toker (33) showed that protein kinase D (PKD) is essential for ROS-induced NF-κB activation by inducing tyrosine phosphorylation of IKK. Src and Abl mediate PKD activation in response to H 2 O 2 stimulation, via the phosphorylation of Tyr463 in the PKD pleckstrin homology domain. Similarly, Fan et al (34) reported that ROS controlled NF-κB activation through c-Src-dependent tyrosine phosphorylation of I-κB.
In subsequent experiments, the role of AP-1 in cadmiuminduced uPAR expression was also investigated. The transcription factor AP-1 is composed of Fos and Jun homodimers and heterodimers. Cascades of MAPKs are involved in the activation of AP-1. In our system ERK-1/2 may be supposed to induce c-Fos and AP-1 activity. Escobar Mdel et al (35) reported the role of MAPK induced by cadmium in AP-1 activation in HepG2 cells. AP-1 activation decreased by 74% with ERK inhibition, by 83% with p38 inhibition, and by 70% with JNK inhibition. In mouse epidermal JB6 cells, the induction of AP-1 activity by cadmium appeared to involve activation of ERK-1/2, because the induction of AP-1 activity by cadmium was blocked by pretreatment of the cells with PD98058 (36) .
We also found in this study that cadmium can stimulate the cell invasion in AGS cells via overexpression of uPAR. Several laboratories have provided convincing evidence that cadmium enhances cell invasion and tumorigenesis. Juang et al (37) reported that cadmium upregulated metallothionein 3, an androgen-upregulated gene, and enhanced cell invasion in prostate carcinoma cells. Cadmium also induced cell invasion via AKT/GSK-3β/β-catenin signaling in mouse BEAS-2B cells (10) . In conclusion, the present report describes for the first time the role of cadmium in the regulation of uPAR in gastric cancer cells. Further studies are needed to determine the remaining details of the regulatory mechanism.
